In this paper, we report our numerical investigation on the photoionization of hydrogen by two orthogonal elliptically polarized and time-delayed attosecond pulses; we found that the momentum distributions exhibit a helical structure. The spectral patterns were obtained by making the use of the strong field approximation theory, and analyzed in terms of the irregularity of the overlapped fields. Some morphological characteristics of the generated vortex arms were found to be sensitive to the ellipticity and time delay of the two attosecond pulses. These phenomena could be used to investigate the intrinsic features of the photoionizaiton and complex polarized ultrashort pulses.
Introduction
When an atom or a molecule is exposed to an intense laser field, ionization or dissociation will occur, the direct outcome of the ionization process is that the displaced electron will manifest a spectrum of either momentum or energy. Therefore, momentum distributions of the ionized electron are extensively investigated in the realm of atomic, molecular and optical physics [1] - [3] . Pertaining to the ionizing electric field of the strong laser pulse, a variety of pulse combination have been deployed: single color or two colors [4] - [7] ; linearly or circularly polarized [8] - [12] , few cycle or many cycles [13] - [15] , and infrared or ultraviolet [16] - [19] .
A few years ago, an usual Ramsey interference of laser-produced electron wavepackets was found to manifest a totally new feature: vortex momentum distributions, when two time delayed circularly polarized pulses were used to ionize an atom or molecule. The novel discovery is that on the plane of the laser polarization [20] the induced momentum distributions of ionized electron displayed vortex shaped momentum distributions or spiral structure [21] - [24] . Only the counter-rotating circularly polarized pulses would induce the vortex distributions while the co-rotating ones generated a Newton ring like momentum pattern. Moreover, this kind of vortex momentum distribution has been verified experimentally with pottasium atoms [25] . Additionally, in 2016 Yuan et al. [26] theoretically studied the photoelectron spectra of the helium ionized by bi-chromatic circularly polarized attosecond laser pulses. They found that counter-rotating pulses could trigger spiral momentum pattern. This is the first report on vortex momentum formation at a molecule level, to the best of our knowledge. In the same year, Djiokap numerically investigated the single ionization of helium atom exposed to a pair of circularly polarized laser pulses. Vortex shaped momentum patterns of zero-start, one-start, three-start as well as four-start were found for intensity of 1×10 12 W/cm 2 and UV carrier frequency of 15 eV [23] . Then, double armed spiral vortex spectra were predicted in the momentum distributions generated in double photoionization of the He atom with two oppositely polarized circular attosecond pulses [27] .
On the other hand, as a general form of variant circularly polarized field, elliptically polarized field [28] expands the realm of research of strong field ionization. A complexly rotating electric field can be generated from the elliptically polarized laser field within one optical cycle, resulting in a photoionization momentum distribution dramatically different from that by a linearly or circularly polarized laser field. Due to the lack of the fourfold symmetry pertaining to two polarized orientations of laser-field ellipses, known as Coulomb asymmetry [29] , [30] , many interesting features or structures of ionization momentum distribution have been found with varying ellipticities. Murakami [31] found that in the longitudinal momentum distribution, driven by multiple-cycle elliptically polarized strong laser fields, the retardation angel depends on the above threshold ionization spectra. In 2017, photoelectron energy dependent angular shifts were found in the momentum distributions, when atoms were ionized by elliptically polarized laser pulse at two different wavelengths [28] . In 2018, a ridge structure along the major polarization axis was observed in three-dimensional photoelectron momentum distributions [32] . Apart from these theoretical findings, some theories associated with elliptical polarization also make advances of the strong-field physics, such as attosecond angular streaking [33] , [34] , nonadiabatic effect [35] , [36] , electron-electron correlation [37] , multielectron polarization effect [38] , and so on.
Inspired by the pioneering research on the interference photoelectron energy spectra of hydrogen atom and vortex-shaped momentum distributions of inert atoms [20] - [25] , we designed a novel exciting-pulse combination involving a pair of time delayed orthogonally elliptically polarized intense pulses. This pulse combination, beneficial for studying the elliptical polarized pulse, can be regarded as a general form of bi-circular field leading to an orthogonally symmetric vortex shaped momentum pattern. We employed the strong field approximation (SFA) theory [39] - [44] in our numerical simulation, and investigated the vortex shaped momentum patterns with varying time delays, ellipticities as well as pulse energies and so on. Being different from the results of Starace group [4] , [13] , [17] , [24] , [27] that focus on circularly polarized pulses, we aim at exploring the characteristics of ionization by elliptically polarized field. It is found that the width of vortex arm is sensitive to the time delay for a fixed ellipticity, and the bending degree and number of vortex arms depend on the value of the ellipticity under some certain conditions. Moreover, we predicted some novel structures of the momentum pattern. These observations can serve as an alternative sensitive tool for characterizing the elliptically or more complexly polarized pulse, and deeply exploring the ionization features of atom or molecule.
Numerical Methods
The strong field approximation theory is employed to simulate the momentum distribution of hydrogen atom irradiated by two time-delayed orthogonally elliptically polarized attosecond pulses. The electric field referring to the laser pulses is polarized in the x-y plane of the Cartesian coordinates. Its two components are expressed as (the first pulse exhibits left helicity, and the second right helicity):
with η being the ellipticity of the polarized pulse. And τ the time delay between the two pulses, T the pulse duration, a final momentum p is dictated by the SFA formula [1] :
in which the so-called semi-classical action phase is written as:
where A is the vector potential of the field, and I p indicates the ionization threshold of the hydrogen atom. According to (1), ionization with a left-handed elliptically polarized pulse proceeds via the states of |s,
followed by a right-handed orthogonal one proceeds via the states of |s, 0 >→ |p , −1 >→ . . . → |l, −m 1 ∼ −m 2 >. This ionization pathway results in the coherent superposition state:
which will generate the vortex shaped momentum spectrum with 2(m 1 ∼ m 2 ) spiral arms. l, m 1 , and m 2 in the Dirac notations indicate the orbital and magnetic quantum numbers that are sensitive to the ellipticity as well as time delay. As shown in Fig. 1 , the ionization pathway with elliptically polarized pulse is between the ones with long axis based and short axis based circularly polarized pulses. If the ionization ground state is <s,0>, the ellipticity can be described as:
Simulation Results and Discussion
Ellipticity is the significant parameter characterizing the polarization degree of the circular field. In Fig. 2 , we plot a few vortex shaped momentum distributions for varying ellipticities of our proposed time-delayed attosecond pulses. For clarity, other parameters are set to be the following: time delay τ = 3 optical cycle (o.c.), carrier frequencies ω = 8 eV, pulsewidth τ = 2 o.c., and intensity I = 3.5 × 10 14 W/cm 2 . Correspondingly, we also plot the electric field patterns generating the vortex shaped momentum distributions in Fig. 3 . It can be seen that time-delayed electric field patterns exhibit the characteristics of Ramsey interference, which directly results in the vortex shaped momentum spectra. Additionally, varying the ellipticities of the orthogonal elliptical fields generates different coherent electric field structures, which can lead to different types of vortex shaped momentum spectra. From the five vortex-shaped momentum patterns, we can find three relative positions of vortex arms: staggered type [see Fig. 2(a) and (b) ], parallel type [see Fig. 2(c) ] as well as end-to-end type [see Fig. 2(e) ]. In our view, the overlapped elliptical field, shown in Fig. 4(c) , is irregular and exhibits a difference area of time delayed fields in different orientations, which directly determines the shape and orientation of the vortex arms. The larger the difference area is, the vaguer the generated spiral arms are. For the staggered type, the elliptically polarized field approaches the circular one or the ellipticity is close to 1. Two time delayed elliptical fields ionize the hydrogen atom in a nearly same degree, thus the vortex arms in eight orientations are equivalent. Mapping to the x-y plane of the Cartesian coordinates, the final momentum pattern meets the path of the spiral. With decreasing the ellipticity, the parallel vortex arms are generated by the ionization of the hydrogen atom and time delayed pulses. As displayed in Fig. 4(c) , in eight directions of the two overlapped elliptical fields, four retain the same or similar field strength, which can lead to the same number of effective vortex arms, and correspondingly, in other four directions the ionization can not produce the complete vortex arms due to the inequality of the two time-delayed pulse fields. Then, if the ellipticity of the elliptical attosecond pulses continues to shrink, incomplete vortex arms will disappear, and four complete vortex arms will be dominating, which is well exhibited in Fig. 2(d) . Finally, when the ellipticity approaches 0, as shown as Fig. 2(e) , the end to end state will occur in the spiral momentum pattern, because the distances of the dominating vortex arms become shorter while their dimensions are relatively not changed. Empirically, the staggered type is a general appearance of the location of the vortex arms occurring in the photoionization momentum pattern of circular field, while the parallel and end-to-end types uniquely appear in the orthogonally elliptically polarized field. This special location state of vortices is often accompanied with the weak field and strong polarization, which is beneficial for studying the atomic photoionization in complex fields.
Reviewing the above observations, the ellipticity η, as a significant parameter for the pair of timedelayed orthogonally elliptically polarized pulses, is responsible for the overlapped field distribution that directly affects the features of vortex-shaped ionization momentum pattern. For characterizing the dynamic process of vortex momentum distribution by the ellipticity in detail, we interrogate the features of every vortex arm with varying ellipticities. In Fig. 5(a) , we plot the peak intensity of the vortex shaped arms via the ellipticity. One can clearly observe that the vortex arms are divided into two groups approximately. The peak intensity of one group, involving #1, #3, #5, #7 vortex arms, maintains stationary at a high value, while the one of other four vortex arms decreases nearly linearly. In addition, vortex arms #4, #6 have the similarity, and so do the #2 and #8. These phenomena illustrate that the intensities of even vortex arms depend on the ellipticity of the timedelayed attosencond pulses in a nearly linear relationship, which can be used as a method to determine the ellipticity of the polarized pulses. In Fig. 5(b) , we demonstrate the relationship of the vortex arm momentum and ellipticity in the photoionization momentum distributions. Unlike in Fig. 5(a) , the momentum variation of the vortex arm with the ellipcitity shows a complexity. In the range from 0.6 to1, the momenta of the entire spiral arms demonstrate a trend of decrease, while their widths increase. Then, from 0.2 to 0.6, the momenta of the eight vortex arms begin to differentiate into two groups roundly: #1, #3, #5, #7 belong to one group, and #2, #4, #6, #8 to another. In the odd-numbered group, the momenta of the vortex arms exhibit a slight rising trend, while in the even ones, the momenta fall profoundly. These momentum features support the novel vortex structures for another time.
After focusing on the degree parameters of the vortex arms in the momentum pattern, we take the angle parameters into account. In Fig. 5(c) the polar angle of the spiral arm is expressed via the ellipticity. Being different from the so-called degree parameters in Fig. 5(a) and (b) , the angles are very regular with varying ellipticities. It can be clearly seen that the curves of #1 and #8, #2 and #3, #4 and #5, #6 and #7 happen to cross each other at ellipticity η = 0.6 respectively. This phenomenon mapping to the momentum distribution is that four even vortex arms merge with the odd ones, being turned to the parallel type at ellipticity η = 0.6. With the decrease of the ellipticity, the merged vortex arms disappear gradually, and the merging ones have stationary polar angles. Finally, we introduce the torsion angle, as shown in Fig. 4(b) , to demonstrate the distorted degree of vortex arm with ellipticities. In Fig. 5(d) , two group of curves can be seen clearly. The one involves #2, #4, #6, and #8, which shows a linearly falling trend. The other contains #1, #3, #5, and #7, demonstrating a tortuous rising trend. Because the torsion angles of the even vortex arms decrease to 0, the number of the arms becomes 4. Meanwhile, when the torsion angles of the even vortex arms exceed 90 degrees, their head and tail begin to join each other, and the end-to-end type of the vortex arms appears.
Apart from the ellipicity affecting the characteristics of vortex shaped momentum pattern, the time delay also plays an important role in the generation of the vortex momentum distribution, and has a serious impact on the features of generated spiral arms. Fig. 6 demonstrates four momentum patterns associated with different time delays. The ellipticity is set to be 0.5 for clarity. From these patterns, one can see that the position, orientation, number and width of the spiral arms change with the time delay. In a proper range, the smaller the time delay is, the larger the vortex arm is displayed. In Fig. 6(d) , the momentum distribution shows a parallel type of vortex shape with the time delay τ = 3 o.c. With the decreasing of the time delay, in Fig. 6(c) , all the vortex arms of the momentum pattern are widened. Then if the time delay continues to decrease, the spiral arms #1, #3, #5, #7 will be widened to a higher degree. It leads to the merging of #1 and #7, #3 and #5 with each other respectively, in Fig. 6(b) . Finally, when the time delay τ = 1 o.c, two elliptically polarized pulses are so close that the vortex is distorted, thereby making the widened and merged spiral arms rotate an angle.
In Fig. 7 , we plot the width of the vortex arm against the time delay with different ellpticities. From this figure, one can find that the sensitivity of the spiral-arm-width to the time delay depends on the elliptcity of the two elliptically polarized pulses. In the range from 0. 
Conclusion
By deploying the strong field approximation theory, we investigated the photoionization driven by a pair of time-delayed orthogonally elliptically polarized attosencond pulses. This novel combination of pulses is considered as a general form of bi-circular pulses inducing the orthogonally symmetric vortex shaped momentum distributions. We found that the position, orientation and size of the thus generated vortex arms are sensitive to the ellipticity and time delay of the exciting pulses, which can also serve as an ideal method of timing ultrafast process and of elucidating elliptically polarized pulses. We anticipate that the sensitive evolvement of the vortex shaped patterns in the momentum spectra with physical parameters could be useful in atomic and molecular research.
